Introduction
============

Molecular evolution can be described in terms of modifications in protein (or nucleic acid) sequences that result in changes in relevant molecular properties that may ultimately impact organismal fitness ([@msu312-B6]; [@msu312-B42]; [@msu312-B60]). Evolutionary sequence modifications are, in most cases, single mutations. For evolution by natural selection to occur, a certain number of these single mutations (at least one) must be accepted by a functional protein. Expressed in terms of the Maynard--Smith's sequence space concept ([@msu312-B62]), functional proteins must form continuous networks in sequence space with nodes connected by acceptable single-mutation steps. There is considerable interest in understanding the structural, functional, and energetic factors that determine the basic evolutionary moves in protein sequence space, that is, the set of acceptable single mutations.

Molecular context is required to understand site-specific amino acid replacements. For instance, an amino acid is more likely to occur in a given position if it generates stabilizing interactions or positive contributions. Such context-related effects are widely recognized in the literature and described using a variety terms: Propensities, preferences, forming tendencies, and so on. We shall use the term "preference" here. Amino acid preferences can be estimated from statistical analyses of amino acid occurrence ("statistical" preferences; [@msu312-B11]; [@msu312-B51]) and also from experimental stability measurements, such as mutational effects on stability ("thermodynamic" or "energetic" preferences; [@msu312-B30]; [@msu312-B61]; [@msu312-B40]). Good correlations between statistical and energetic preferences for amino acids in different types of secondary structures have been reported ([@msu312-B45]; [@msu312-B30]; [@msu312-B61]).

Preferences for amino acids in secondary structures can be viewed as average or typical values that describe some relevant general trends. More fully, from a rigorous point of view, any particular site in any protein has an associated preference scale that may differ from the preference scales at other sites in the same protein and also from the scales at corresponding sites in other homologs. Site-specific energetic preferences can be assessed by determining the stability effects of mutations at the site and may show a high level of discrimination between the different amino acids. For instance, if packing at a buried site is optimized for a given hydrophobic residue, replacement with another hydrophobic amino acid of similar, but smaller, size is likely to be destabilizing due to less efficient packing ([@msu312-B17]). This presumably small difference in energetic preference may have consequences since the stabilities of natural proteins are marginal, that is, only slightly above the evolutionary stability threshold for purifying selection ([@msu312-B64]; [@msu312-B6]; [@msu312-B15]; [@msu312-B8]; [@msu312-B65]; [@msu312-B60]), and even a moderately destabilizing mutation could bring stability below the threshold and thus prevent proper protein folding or facilitate protein degradation with the overall result that organismal fitness would be compromised and the mutation would be rejected---in the absence of drift.

The above reasoning does not imply that the amino acid present at any particular site is necessarily the residue at the top of the energetic preference ranking. In fact, several scenarios may explain the acceptance and fixation of a less energetically preferred residue at a given site. For instance, a previously stabilizing mutation in another region of the protein structure (a so-called compensating or permissive mutation; [@msu312-B70]; [@msu312-B8]; [@msu312-B44]; [@msu312-B72]) could enhance protein stability in such a way that the mutation to the less energetically preferred amino acid does not violate the stability threshold for purifying selection. Subsequently, the less preferred amino acid could persist at the site if its presence brings about some functional changes that translate into enhanced organismal fitness. Note, however, that, even in this case, energetic preferences play a fundamental role, as they determine the evolutionary trajectory leading to the acceptance of the less preferred amino acid.

Overall, there can be little doubt about the relevance of site-specific energetic preferences and, indeed, site-specific effects have been included in many efforts to model molecular evolutionary processes ([@msu312-B19]; [@msu312-B36]; [@msu312-B37]; [@msu312-B68]; [@msu312-B55]; [@msu312-B63]; [@msu312-B7]). On the other hand, it is not at all clear whether the preferences themselves are conserved or change substantially during evolution. We may expect energetic preferences at a given site in a protein to be determined by the interactions of amino acids at that position with their neighboring sites (and also with those at distant sites if electrostatic charge--charge interactions are relevant). Since residues at interacting sites change during evolution, it is conceivable that preferences at each given position also change. Indeed, recent computational analyses ([@msu312-B50]) support the notion that preferences change after mutation in the direction of making the new amino acid more acceptable over time, an adjustment that is referred to as the "evolutionary Stokes shift." However, Fersht and coworkers ([@msu312-B58]) found that effects on stability of mutations separating barnase and binase (85% sequence identity) were independent and additive. More recently, experimental stability studies ([@msu312-B2]) supported evolutionary conservation of amino acid preferences for six mutations in nucleoproteins from four different strains of influenza A virus by claiming to disfavor strong changes in amino acid preferences during evolution. Yet, this general implication of the mutational data for different nucleoproteins has been called into question ([@msu312-B49]). It is therefore unresolved whether the preferences for different amino acids at each site in a protein change during evolution or remain essentially constant. Needless to say, this is a crucial issue that bears on the methodologies used for phylogenetic analysis and the description and modeling of molecular evolutionary processes. For instance, if preferences are conserved to a substantial extent, models that assume independent evolution at different protein sites are reasonable. On the other hand, if site-specific preferences change strongly, widespread amino acid coevolution must be explicitly included in molecular evolution models. At a more fundamental level, the recent controversy on the evolutionary rates of preference change ([@msu312-B50]; [@msu312-B2]; [@msu312-B49]) highlights our limited understanding of one of the fundamental steps in evolution: The replacement of amino acids in proteins.

The availability of large numbers of protein sequences, together with advances in bioinformatics and molecular biology methodologies, allow important issues in molecular evolution to be experimentally addressed on the basis of laboratory resurrections of ancestral proteins ([@msu312-B46]; [@msu312-B5]). Recent examples include the adaptation of proteins to changing planetary conditions ([@msu312-B14]; [@msu312-B47]; [@msu312-B1]; [@msu312-B53]; [@msu312-B54]; [@msu312-B52]), the origin and evolution of thermophily ([@msu312-B23]), the origin of complexity in biomolecular machines ([@msu312-B13]), the role of epistasis in the emergence of new protein functions ([@msu312-B44]), the mechanisms of evolutionary innovation through gene duplication ([@msu312-B67]), the degree of conservation of protein structure over planetary timescales ([@msu312-B27]), the evolutionary origin of detoxifying enzymes ([@msu312-B4]), and the characterization of the evolutionary events leading to gene silencing ([@msu312-B33]). Here, we take advantage of the recent availability of phenotypically supported laboratory resurrections of Precambrian proteins to experimentally address the evolution of amino acid preferences on a timescale of ∼4 billion years (i.e., the time span of life on Earth). We used nearly 200 diverse extant thioredoxin sequences comprising the three domains of life to construct a highly articulated phylogenetic tree ([@msu312-B47]). In addition, we used a set of 75 chromosomal sequences of extant class A β-lactamases to construct a phylogenetic tree encompassing Gram-positive and Gram-negative bacteria ([@msu312-B53]). In both cases, the trees were sufficiently close to accepted organismal phylogenies to allow us to target well-defined Precambrian phylogenetic nodes ([fig. 1](#msu312-F1){ref-type="fig"}) for which reliable age estimates are available ([@msu312-B21]). Bayesian ancestral sequence reconstruction was used to obtain probabilistic estimates of the sequences at all the nodes of the phylogenetic trees. The genes encoded by the reconstructed sequences at the targeted nodes were synthesized and then expressed by *Escherichia coli* in the laboratory (or to use the parlance, "resurrected") and exhaustively characterized in terms of structure, function, and stability ([@msu312-B47]; [@msu312-B27]; [@msu312-B53]; [@msu312-B54]; [@msu312-B52]). They were found to adopt the canonical fold of their modern counterparts despite a large number of mutational differences (close to 50% of the sequence in some cases) and their properties led to plausible evolutionary narratives that supported that proteins encoded by the reconstructed thioredoxin and β-lactamase sequences are credible phenotypic representations of the proteins that existed billions of years ago. F[ig]{.smallcaps}. 1.Amino acid differences between extant sequences and the reconstructed sequences for the Precambrian nodes targeted in this work. Age estimates are derived from the Timetree of Life ([@msu312-B21]). (*A*) Thioredoxins. The ancestral nodes targeted are the following: LGPCA, last common ancestor of γ-proteobacteria; LPBCA, last common ancestor of the cyanobacterial, deinococcus, and thermus groups. Also shown is *Escherichia coli* thioredoxin. (*B*) β-lactamases. The ancestral nodes targeted are the following: PNCA, last common ancestor of various Gram-positive and Gram-negative bacteria; GNCA, last common ancestor of various Gram-negative bacteria; GPBCA, last common ancestor of γ-proteobacteria; ENCA, last common ancestor of enterobacteria. TEM-1 refers to *E. coli* TEM-1 β-lactamase.

The availability of phenotypically supported laboratory resurrections of Precambrian proteins allows us to address the evolution of amino acid preferences in a straightforward manner because: (1) Ancestral sequence reconstruction analyses lead to plausible estimates of the "age" of each given amino acid in a modern protein (i.e., the first appearance of the amino acid along the line of descent from the ancestor to the extant protein under study) and, therefore, to estimates of the geologic time available for energetic adjustment and (2) measurements of mutational effects on the stability of modern proteins can be compared with experimentally determined effects of the same mutations on the stability of the credible representations of their ancestors. Molecular clock age estimates are available for many Precambrian and Cambrian nodes for the tree of life ([@msu312-B21]). We use these estimates as proxies to better understand the geologic timescales associated with site-specific amino acid preference. Given the controversial nature of molecular clocks, however, we also present our results in the context of sequence divergence ([fig. 1](#msu312-F1){ref-type="fig"}).

We first report a comparative experimental analysis on the effect of 21 mutations on the stability of both *E. coli* thioredoxin and on the laboratory resurrection corresponding to the thioredoxin of the last bacterial common ancestor (LBCA). The time span of this comparison is billions of years and all the mutations selected involve highly similar amino acids and very minor structural alterations. If our results demonstrate that amino acid preference is conserved across long evolutionary timescales, it may be reasonable to infer that this is a general phenomenon that holds for shorter timescales and, more importantly, for dissimilar amino acids. Despite the plausibility of this inference, we deemed it convenient to specifically test preference conservation in instances involving the exchange between highly dissimilar amino acids. We thus report the effect of the lysine/leucine exchange at position 90 on the stability of *E. coli* thioredoxin and several laboratory-resurrected Precambrian thioredoxins, so that the evolutionary history of the *K* versus *L* preference can be followed across large geologic timescales. Interestingly, the preference conservation found in this case (*L* is always energetically preferred over *K* at position 90, even for thioredoxins in which there is a *K* at that position) is linked to an unanticipated mechanism involving a local structural switch upon mutation. Finally, we consider the effect of the methionine/threonine exchange on the stability of two modern β-lactamases (*E. coli* TEM-1 and *Bacillus licheniformis*) and three laboratory-resurrected Precambrian β-lactamases dating up to about 3 billion years ago. This is a particularly interesting case because the M182T mutation in the TEM-1 β-lactamase gene is a global suppressor ([@msu312-B26]; [@msu312-B69]; [@msu312-B9]; [@msu312-B56]) that appears linked to many clinical cases of emergence of resistance toward new antibiotics. In fact, our results suggest that a relationship between conservation of amino acid preference and the existence of global suppressor mutations exists for this protein family.

Results and Discussion
======================

Comparative Analysis of the Effect of 21 Chemically Conservative Mutations on the Stability of the Thioredoxins from *E. coli* and the LBCA
-------------------------------------------------------------------------------------------------------------------------------------------

We previously reported the effects of a large number of mutations on the stability of the extant thioredoxin from *E. coli* ([@msu312-B16], [@msu312-B17], [@msu312-B15]). All the mutations studied belong to the *E→D*, *D→E*, *I→V*, and *V→I* types and introduce, therefore, very small molecular changes: The presence or absence of a --CH~3~ in the case of an *I↔V* replacement versus the presence or absence of a --CH~2~- (and likely a small difference in the spatial position of the negative charge) in the case of an *E↔D* replacement. Here, we determine the effects of these mutations on the stability of the laboratory resurrection of the thioredoxin in the LBCA ([fig. 2](#msu312-F2){ref-type="fig"}*A*). The mutations performed on the ancestral protein background can be classified into two groups. Fourteen mutations are identical, in terms of the residues involved and the direction of the mutation, with those we previously introduced in the *E. coli* background; for instance, there is a valine at position 16 in both *E. coli* and LBCA thioredoxins and therefore the effect of the V16I mutation can be studied in both backgrounds. On the other hand, seven mutations must be studied in opposite directions for the extant and ancestral backgrounds. For instance, there is an isoleucine at position 23 in *E. coli* thioredoxin, while a valine is present at the same position in LBCA thioredoxin. The I23V mutation is performed on the extant background and V23I is performed on the ancestral background. For comparison purposes, the stability effect of the V23I mutation is changed in sign to obtain the corresponding value in the "*E. coli* direction" (i.e., I23V). The positions corresponding to these two kinds of mutations are respectively labeled in blue and red in [figure 2](#msu312-F2){ref-type="fig"}*B* (the same color code is used in [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online, where the mutations are described in detail). It must be noted that, as expected from the sequence identity, the extant and ancestral proteins substantially differ in the residues present in the molecular neighborhoods of the positions targeted for mutation (nearly half the residues, on average, within a sphere of radius 6 Å around each position; see [fig. 2](#msu312-F2){ref-type="fig"}*C*). F[ig]{.smallcaps}. 2.Ancestral and extant thioredoxins. (*A*) Schematic phylogenetic tree showing thioredoxin nodes relevant to this study (see [fig. 1](#msu312-F1){ref-type="fig"} for definitions). Numbers alongside the nodes stand for the values of the sequence identity with the extant protein. (*B*) Structures of *E. coli* thioredoxin and LBCA thioredoxin (PDB codes 2H6X and 4BA7). Positions targeted for mutation are shown (*E. coli* thioredoxin numbering) with a color that refers to the relation between the mutations actually performed in the two backgrounds. Blue, same direction in both backgrounds; red, opposite directions (see main text and [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online, for details). (*C*) Fraction of amino acids present in the neighborhood (6 Å) of each LBCA thioredoxin residue that are identical with those in the neighborhood of the same position in *E. coli* thioredoxin. Positions targeted for mutation are shown with black bars. The horizontal dashed line corresponds to the sequence identity (0.55) between the two proteins.

The 21 variants of LBCA thioredoxin ([supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online) required to calculate the stability impact of the targeted mutations were prepared and their thermal denaturation was exhaustively characterized by differential scanning calorimetry (DSC). For all variants, experiments at different protein concentrations ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) and [fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online) were performed to rule out the possibility of association equilibria. Additional experiments were performed to assess the reversibility of the denaturation process and scan-rate effect on the denaturation process ([supplementary table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) and [fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online). These studies and the subsequent data analyses (see [supplementary data](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online) support that the thermal denaturation of the LBCA thioredoxin variants conforms to a two-state equilibrium unfolding with some kinetic distortions at temperatures higher than the measured *T~m~*. Such distortion precludes the determination of reliable values for the unfolding heat capacity change (Δ*C*~P~) and, consequently, prevents us from calculating mutational effects on unfolding free energy (ΔΔ*G* values) on the basis of the integrated Gibbs--Helmholtz equation. Nevertheless, since mutational effects on denaturation temperature (Δ*T~m~* values) are small for the *I*/*V* and *E*/*D* exchanges, we could calculate ΔΔ*G*'s from Δ*T~m~*'s using the approximate equation proposed by [@msu312-B57] that does not require a Δ*C*~P~ value. Note, however, that the same conclusions are reached using *T~m~* as an empirical metric of stability and describing the mutational effects on stability by the Δ*T~m~* values; for reference, both ΔΔ*G* and Δ*T~m~* values are shown in [figure 3](#msu312-F3){ref-type="fig"}. In any case, the evolutionary stability threshold for thioredoxins is likely linked to kinetic stability and both ΔΔ*G* and Δ*T~m~* can be viewed as metrics of the mutational effects on kinetic stability (see [@msu312-B15] for details). F[ig]{.smallcaps}. 3.Comparison of mutation effects in *E. coli* thioredoxin versus LBCA thioredoxin. (*A*) Stability effects of mutations on LBCA thioredoxin versus the corresponding effects on *E. coli* thioredoxin. Mutational effects on unfolding free energies (ΔΔ*G* values) and denaturation temperatures (Δ*T~m~* values) are calculated in the *E. coli* direction. The color code (the same as that used in [fig. 2](#msu312-F2){ref-type="fig"}*B* and [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online) refers to the relation between the mutations actually performed in the two backgrounds. Typical experimental scatter is smaller than the size of the points. (*B*) Mutational effects on *E. coli* thioredoxin stability minus the corresponding effects on LBCA thioredoxin stability (ΔΔΔ*G* and ΔΔ*T~m~* values).

A plot of mutation effects on the stability of the ancestral LBCA thioredoxin versus the corresponding effects on the stability of the extant *E. coli* thioredoxin shows a strong correlation ([fig. 3](#msu312-F3){ref-type="fig"}*A*) with a Pearson correlation coefficient of 0.89, a slope close to unity (1.03 ± 0.21) and a value for the probability that the correlation occurs by random chance of *P* = 9 × ·10^−8^. Furthermore, the correlation holds for the positions in which the extant and ancestral amino acids differ (red data points in [fig. 3](#msu312-F3){ref-type="fig"}*A*).

The excellent ancestral/extant correlation found, however, should not be taken to imply that the mutational energetics have not changed at all over the course of billions of years. In fact, when calculated in the *E. coli* direction, most of the mutations studied are more destabilizing on the modern *E. coli* thioredoxin as compared with the ancestral background ([fig. 3](#msu312-F3){ref-type="fig"}*B*). This result appears consistent with some degree of evolutionary adjustment to the amino acid residues present in the extant protein, that is, with the evolutionary Stokes shift ([@msu312-B50]). However, the extent of evolutionary adjustment is insufficient to erase the ancestral pattern of energetic preferences. To make this point visually clear, we have prepared plots of energetic preference versus position for the *E. coli* and LBCA thioredoxins ([fig. 4](#msu312-F4){ref-type="fig"}*A*). The energetic preference scale is constructed in the following ways: (1) A value of zero is assigned to the energetically more preferred amino acid (i.e., if the *X→Y* mutation is destabilizing, *X* is the energetically more preferred amino acid; if the *X→Y* mutation is stabilizing, *Y* is the energetically more preferred amino acid) and (2) the less preferred amino acid is assigned a preference value equal to the mutational change in unfolding free energy (or the mutational change in denaturation temperature) associated to the replacement of the more preferred amino acid with the less preferred one (i.e., a negative value in all cases). There is a good agreement between the sets of more preferred amino acids for *E. coli* and LBCA thioredoxins: Only 3 discrepancies out of 21 instances were observed (positions 4, 60, and 61; see [fig. 4](#msu312-F4){ref-type="fig"}*A*) and these corresponded to cases in which preference differences are quite minor. In contrast, there are 7 sequence differences between the extant and ancestral proteins at the 21 position studied. As such, the energetic amino acid preferences are more conserved than the residues themselves over evolutionary time. F[ig]{.smallcaps}. 4.Amino acid energetic preferences in modern and laboratory-resurrected Precambrian thioredoxins. For each position, two amino acids are considered. The more preferred amino acid is assigned a preference value of zero. The less preferred amino acid is assigned a (negative) preference value equal to minus the change in unfolding free energy or denaturation temperature (ΔΔ*G* and Δ*T~m~* values, respectively) associated to its replacement with the more preferred amino acid. In all cases, the more preferred amino acid is shown in large blue letters. Red color is used for the less preferred amino acid whenever it is the amino acid present in the non-mutated (wt) protein. (*A*) Amino acid preferences for several positions in *E. coli* and LBCA thioredoxins. Positions at which more preferred amino acids differ between *E. coli* and LBCA thioredoxins ([@msu312-B11]; [@msu312-B39]; [@msu312-B3]) are labeled with white numbers inside black circles. Position 10 is not labeled because there is no significant difference in preference. (*B*) Amino acid preference at position 90 of thioredoxins as a function of geologic time. Total numbers of amino acid differences between consecutive nodes are shown within circles.

Leucine Versus Lysine Preferences at Position 90 in Thioredoxins
----------------------------------------------------------------

The results summarized in the preceding section support the notion that preferences among biochemically similar amino acids may be conserved even over long evolutionary timescales. One obvious implication is that conservation of amino acid preference is likely widespread and that it can be expected to hold over shorter timescales and also for dissimilar amino acids. A particularly illustrative instance of the latter case is described below.

A lysine residue is present at position 90 in the modern *E. coli* thioredoxin, while leucine is the ancestral residue at this position along the line of descent from the ancestor to the extant *E. coli* protein (see phylogenetic tree annotated with amino acids at position 90 in [fig. 5](#msu312-F5){ref-type="fig"}*A*). Specifically, the leucine residue present at position 90 is inferred for thioredoxins of the LBCA (last bacterial common ancestor, about 4 billion years before present) and the last common ancestor of the cyanobacterial, deinococcus, and thermus groups (LPBCA, about 2.5 billion years before present). Thus, we prepared variants of these proteins with the L90K mutation. On the other hand, a lysine residue is present at position 90 in the extant thioredoxin from *E. coli* and inferred for the laboratory resurrection corresponding to the thioredoxin of the last common ancestor of γ-proteobacteria (LGPCA, about 1.5 billion years before present); therefore, we prepared variants of these proteins with the K90L mutation. We determined the stability of the "wild-type" (wt) proteins and the corresponding mutant variants using DSC. Some of the determined mutational effects on denaturation temperature were very large (up to about 15°) and, therefore, the use of Schellman equation ([@msu312-B57]) to calculate mutational effects of unfolding free energy (ΔΔ*G* values) was not advisable in this case. As an alternative, we elected to use denaturation temperature values as a metric for stability and to construct the amino acid preference scale on the basis of the mutation Δ*T~m~*'s. The results are summarized by plotting amino acid preference against a geologic timescale ([fig. 4](#msu312-F4){ref-type="fig"}*B*). In all cases, mutations were found to be stabilizing in the *K→L* direction (i.e., K90L was found to be stabilizing in the *E. coli* and LGPCA background and L90K was found to be destabilizing in the LPBCA and LBCA backgrounds; see [supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online). Therefore, the energetic preference of *L* over *K* is conserved over ∼4 billions of years, despite the fact that, according to the ancestral reconstruction, the lysine at position 90 appeared about 2 billion years ago in the line of descent leading to the extant *E. coli* protein ([figs. 4](#msu312-F4){ref-type="fig"}*B* and [5](#msu312-F5){ref-type="fig"}*A*). There is certainly evidence of adjustment to the "new" lysine residue, as the effect of mutation in the *K→L* direction is more stabilizing for the oldest thioredoxins in which leucine is the residue present at position 90 ([fig. 4](#msu312-F4){ref-type="fig"}*B*). This is consistent with either preadjusting or permissive changes (previous mutations in the spatial neighborhood of position 90 "permitted" the introduction of a lysine residue at position 90) or the evolutionary Stokes shift ([@msu312-B50]) (energetic adaptation to the new residue after it has been introduced). The adjustment, however, does not change the ranking of amino acid preferences at this site and replacement with the ancestral amino acid (i.e., the mutation K90L) does stabilize *E. coli* thioredoxin (see [fig. 4](#msu312-F4){ref-type="fig"} and [supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online). F[ig]{.smallcaps}. 5.Evolutionary histories of the amino acid present at position 90 in thioredoxins (*A*) and position 182 in β-lactamases (*B*). Phylogenetic trees used for ancestral sequence reconstruction of thioredoxins ([@msu312-B47]) and β-lactamases ([@msu312-B53]) are color coded according to the residue present: Red (extant), blue (ancestral), and grey (other). Small circles are used to highlight the evolutionary trajectory from the oldest ancestor to the extant *E. coli* protein.

Methionine Versus Threonine Preferences at Position 182 in β-Lactamases
-----------------------------------------------------------------------

The global suppressor M182T mutation appears often in TEM-1 β-lactamases linked to clinical cases of emergence of antibiotic resistance. The mutation is known to be stabilizing in the extant TEM-1 background and this stabilizing effect has been proposed to permit the acquisition of destabilizing mutations that enhance catalytic efficiency toward a new antibiotic ([@msu312-B26]; [@msu312-B69]; [@msu312-B9]; [@msu312-B56]). Reconstruction of ancestral lactamase sequences ([@msu312-B52]) supports that the methionine residue at position 182 in TEM-1 β-lactamase appeared comparatively recently in the line of descent leading to the extant TEM-1 protein ([figs. 5](#msu312-F5){ref-type="fig"}*B* and [6](#msu312-F6){ref-type="fig"} and [supplementary fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online), while a threonine is present in sequences of many modern β-lactamases and also in the reconstructed sequences corresponding to the last common ancestors of γ-proteobacteria (GPBCA, about 1.5 billion years before present), various Gram-negative bacteria (GNCA, about 2 billion years before present), and various Gram-positive and Gram-negative bacteria (PNCA, about 3 billion years before present) ([fig. 6](#msu312-F6){ref-type="fig"}*A*). We thus prepared the proteins encoded by these reconstructed sequences with and without the T182M mutation, while the extant TEM-1 β-lactamase was prepared with and without the original global suppressor mutation M182T (see [supplementary data](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online, for details). DSC studies on the thermal denaturation of all these wt and variant forms showed that the energetic/structural preference of *T* over *M* is conserved over billions of years ([fig. 6](#msu312-F6){ref-type="fig"}*B*). That is, the mutation T182M in the ancestral backgrounds is destabilizing and the mutation M182T in the extant TEM-1 background is stabilizing ([supplementary fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online). No clear evidence of adjustment to the new residue is apparent in this case. This is perhaps due to the inference that a methionine at position 182 appeared only recently in the evolutionary trajectory leading to the TEM-1 β-lactamase ([figs. 5](#msu312-F5){ref-type="fig"}*B* and [6](#msu312-F6){ref-type="fig"}). We have also studied the effect of the *M*/*T* exchange on the stability of the extant β-lactamase from *B. licheniformis* ([figs. 5](#msu312-F5){ref-type="fig"}*B* and [6](#msu312-F6){ref-type="fig"}*A*). In this case, a threonine residue is present in the wt protein and, therefore, we prepared the β-lactamase from *B. licheniformis* with and without the T182M mutation. The corresponding scanning calorimetry profiles are compared with those for the TEM-1 lactamase in [figure 6](#msu312-F6){ref-type="fig"}*C*. M182T is stabilizing in the TEM-1 background, while T182M is destabilizing in the *B. licheniformis* background. That is, in both instances the mutation is stabilizing in the *M→T* direction, further supporting the conservation of energetic preference. It is to be noted that TEM-1 β-lactamase and the β-lactamase from *B. licheniformis* share a common ancestor on the order of 3 billion years ago ([figs. 5](#msu312-F5){ref-type="fig"}*B* and [6](#msu312-F6){ref-type="fig"}*A*). These extant proteins, therefore, may be viewed as being separated by ∼6 billion years of evolution and, in fact, they show only 37% sequence identity. F[ig]{.smallcaps}. 6.Amino acid energetic preferences at position 182 for modern and laboratory-resurrected Precambrian β-lactamases (see main text and legend to [fig. 4](#msu312-F4){ref-type="fig"} for a description of the preference scale). (*A*) Schematic phylogenetic tree showing β-lactamase nodes relevant to this work (see [fig. 1](#msu312-F1){ref-type="fig"} for definitions). Numbers alongside the nodes stand for the values of the sequence identity with the extant protein. (*B*) Amino acid preferences at position 182 in β-lactamases as a function of geologic time. The data point at "today" corresponds to the *E. coli* TEM-1 lactamase. Total numbers of amino acid differences between consecutive nodes are shown within circles. (*C*) Effect of the *M*/*T* exchange at position 182 on the stability of two extant β-lactamases as followed by DSC. A methionine is present at position 182 in *E. coli* TEM-1 lactamase, while threonine is the residue at that position in the lactamase from *Bacillus licheniformis*. M182T is stabilizing in the TEM-1 background and T182M is destabilizing in the *B. licheniformis* background. In both cases, the mutation is stabilizing in the *M→T* direction, indicating preference conservation.

A Plausible Evolutionary Explanation for the Occurrence and Persistence of Less Preferred Amino Acids
-----------------------------------------------------------------------------------------------------

A rather noteworthy result reported in this work is the observation that billion-year-old conservation of energetic preference exists at positions in which the amino acid present has changed in the line of descent leading from the oldest ancestor to the extant protein. We found six examples of this scenario. They are summarized in [figure 7](#msu312-F7){ref-type="fig"} where the common pattern is apparent. The residue present in the extant protein (the "extant" amino acid) differs from the residue in the oldest ancestral protein (the "ancestral" amino acid) but the energetic preference for the ancestral amino acid over the extant one is conserved. Ancestral sequence reconstruction provides estimates of the geologic time at which the extant amino acid first appeared in the line of descent leading to the extant protein (see [fig. 7](#msu312-F7){ref-type="fig"} and annotated phylogenetic trees in [fig. 5](#msu312-F5){ref-type="fig"} and [supplementary figs. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) and [S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online). Such times range from several hundred million years (for the methionine residue at position 182 in β-lactamase) to about 2 billion years (for the aspartate residue at position 43 and the lysine residue at position 90 in thioredoxins) and correspond to differences in sequence identity that range between 0.59 and 0.69. F[ig]{.smallcaps}. 7.Evolutionary history of the amino acid occupancy at several positions in thioredoxins and β-lactamases as inferred from ancestral sequence reconstruction. In all the positions shown, the amino acid present in the extant protein (the "extant amino acid") is not the energetically more preferred. Extant amino acids are shown in red color, in such a way that the time in which they appeared is visually apparent. Two consecutive one-letter amino acid codes are used when different amino acids are present at two nodes of very similar age (if the same amino acid is present at two nodes of similar age, a single letter is shown). Values of sequence identity with the extant protein are shown for the sequences involved in the ancestral to extant amino acid transition. (see [supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online for further details).

Overall, the six cases collected in [figure 7](#msu312-F7){ref-type="fig"} provide clear evidence that energetic preferences may be conserved over planetary timescales even when the amino acid residues themselves change during evolution. However, they also pose some obvious evolutionary questions that need to be addressed. It follows from the preference conservation that the mutation to the extant (less preferred) amino acid was destabilizing when it occurred at a particular time before present (on the order of billions of years in most cases). As previously pointed out, however, the stability of natural proteins is marginal ([@msu312-B64]; [@msu312-B6]; [@msu312-B15]; [@msu312-B8]; [@msu312-B65]; [@msu312-B60]), that is, just slightly above an evolutionary stability threshold, and, thus, even a moderately destabilizing mutation could potentially impair proper folding or facilitate degradation with a subsequent deleterious impact on organismal fitness. According to a stability threshold selection scenario, destabilizing mutations are still often accepted (otherwise, protein stability would not be marginal). Acceptance of a mutation with a destabilizing effect may require that a previous stabilizing mutation (i.e., a compensating or permissive mutation) pave the way for the acceptance of the destabilizing one ([@msu312-B70]; [@msu312-B8]; [@msu312-B44]; [@msu312-B72]). It is important to note in this context that protein stability thresholds are unlikely to remain constant during evolution. Actually, several threshold-relaxing events may have plausibly occurred and facilitated the acceptance of destabilizing mutations: (1) The development of efficient chaperone systems may lower stability thresholds, as suggested by the fact that chaperonin overexpression can promote enzyme evolution by allowing the folding of variants with functionally useful but destabilizing mutations ([@msu312-B66]; [@msu312-B72]); (2) according to one proposal, the temperature of the oceans has decreased over billions of years ([@msu312-B32]; [@msu312-B14]), thus providing ample opportunities to relax the stability threshold for ancient life living in ancient oceans; (3) organismal migration from a high-temperature local environment (hydrothermal systems for instance; [@msu312-B35]) to more temperate environment could also lower the stability threshold for the proteins of the migrating organisms; and (4) comparatively short periods of sharp decreases in planetary temperature are known to have occurred (global glaciations, usually referred to as Snowball Earths; [@msu312-B24]; [@msu312-B31]) and may have possibly facilitated the occurrence of some highly destabilizing mutations.

Overall, it is clear that several plausible scenarios may explain why proteins accumulate less energetically preferred amino acids. However, some specific explanation is required for the fact that these "energetically sub-optimal" amino acids persist over significant evolutionary periods, since estimates of neutral mutation rates ([@msu312-B43]) obviously predict that mutational changes will occur over the billion years timescale of [figure 7](#msu312-F7){ref-type="fig"}. The simplest explanation for the evolutionary persistence of less preferred amino acids is that they allow protein functional properties that lead to enhanced organismal fitness. In order to obtain some experimental insights into this scenario, we have considered the functional impact of the *K*/*L* exchange in thioredoxins---proteins that regulate many cellular processes ([@msu312-B25]) and that proteomic analyses ([@msu312-B34]) have identified as having a large number of protein binding partners in vivo. It is clear, therefore, that activity assays in vitro are of limited usefulness in this context, as they cannot provide information about the effect of the *K*/*L* exchange on the multitude of biomolecular processes/interactions in which thioredoxin participates in vivo. Consequently, we elected to directly measure the effect of the *K*/*L* exchange at position 90 of thioredoxins on organismal fitness. It is obviously difficult to perform fitness studies on Precambrian micro-organisms, but the effects of these proteins on modern organisms can be determined. We thus complemented a thioredoxin-deficient *E. coli* strain with plasmids containing either the wt thioredoxin gene or the gene carrying the K90L mutation. We performed competition experiments in batch culture for long periods of time (about 2 weeks) without addition of nutrients. The rationale behind this approach is that conditions in long-term stationary-phase cultures have been proposed to mimic conditions found in natural environments ([@msu312-B12]). Briefly, we set up pair competition experiments of a single clone of the strain complemented with wt thioredoxin versus a single clone of the strain complemented with the K90L variant. The proportions of the two variants in each population were determined at 5 and 15 days after the start of the competition using Sanger sequencing and the QSVanalyzer program ([@msu312-B10]), a methodology that does not require the use of markers (which could potentially have an effect on fitness). In order to rule out the possibility that the "winner" of the competition is determined by fitness differences between clones that are not related to the K90L mutation in thioredoxin, we performed 23 independent competition experiments (i.e., with 23 independent pairs of clones). After 5 days of competition, wt/K90L population ratios for the 23 experiments showed some dispersion although the average value was close to unity, indicating no systematic bias ([fig. 8](#msu312-F8){ref-type="fig"}). On the other hand, after 15 days 22 (out of 23) competition experiments displayed a wt/K90L population ratio higher than unity, indicating a clear preference of the "wt strain" over the "K90L" strain ([fig. 8](#msu312-F8){ref-type="fig"}). The interpretation of these organismal fitness experiments is complex. One possibility is that the genetic alterations leading to the growth advantage in the stationary phase phenotype ([@msu312-B12]) are more probable to occur in the wt strain, thus amplifying an originally small difference in fitness. This notwithstanding, the fitness experiments summarized in [figure 8](#msu312-F8){ref-type="fig"} are consistent with an evolutionary narrative that involves acceptance of a destabilizing mutation linked to relaxation of the stability threshold and persistence of the less preferred amino acid because of functional advantages that translate into enhanced organism fitness. F[ig]{.smallcaps}. 8.Effect of the K90L mutation in thioredoxin on *E. coli* fitness. The results of wt/K90L competition experiments in batch cultures for long periods of time are shown. Twenty-three independent experiments were set up and the fractions of cells containing wt (red) and K90L (blue) thioredoxins were determined after 5 and 15 days, respectively. Note that in 22 (out of 23) experiments, cells containing wt thioredoxin "win" the competition after 15 days.

On the Molecular Basis of Amino Acid Preference Conservation
------------------------------------------------------------

The experimental results reported in this work show that amino acid preferences in proteins can be conserved over diverse geological and evolutionary timescales. This result may seem surprising when considering the large changes in sequence and, therefore, in residue--residue interactions, which proteins experience over billions of years. However, reasonable and convincing molecular explanations can be synthesized for many instances. These explanations are described below and categorized in terms of the molecular effect invoked.

### Secondary Structure-Forming Tendencies

We start by considering the correlation ([fig. 3](#msu312-F3){ref-type="fig"}) found between the effect of *E*/*D* exchanges on the stability of the thioredoxins from *E. coli* and the LBCA (about 4 billion years before present). In some cases, the correlation may be simply linked to fold conservation through secondary structure-forming tendencies. For instance, six of the studied *E↔D* exchanges are in α-helix positions (one in a β-strand while three are in loops; see [fig. 1](#msu312-F1){ref-type="fig"} in [@msu312-B27]) and glutamate is considered to be a better helix former than aspartate ([@msu312-B45]). Not unexpectedly, mutations at those six positions are stabilizing in the *D→E* direction (see [supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online).

### Hydrophobic Packing

The kind of interpretation provided in the preceding section does not apply to the studied *I↔V* exchanges analyzed in this study: Seven of them were introduced at β-strand positions (two at α-helices and four at loops) and there appears to be little difference between isoleucine and valine in terms of β--strand-forming tendency (see [fig. 3](#msu312-F3){ref-type="fig"} in [@msu312-B30]). In fact, the stability impacts of the mutations at the buried positions more likely reflect hydrophobic packing effects ([@msu312-B59]; [@msu312-B38]; [@msu312-B71]; [@msu312-B18]). Consider, for instance, an isoleucine residue located at a given position in a well-packed hydrophobic core. Replacement to valine will remove a methyl group and this is known to cause strain, distortion, or elimination of stabilizing interactions, with the consequent protein destabilization ([@msu312-B71]). Local compensation of this destabilization would plausibly require that a methyl group be reintroduced at a compensatory location without disturbing local packing, a result that can hardly be achieved through a single second-site mutation. Indeed, it has been known for many years that local stability-compensating mutations within a protein core are highly uncommon ([@msu312-B59]; [@msu312-B38]; [@msu312-B71]). We could expect then that the energetic preference for isoleucine over valine at the position under consideration be conserved over evolutionary time (even if the residue at the position changes). Of course, the same argument holds if, at the different position, packing and interactions are optimized for valine in the ancestral protein. In such a case, the energetic preference for valine over isoleucine would be conserved.

### Helix Capping

Energetic preference for threonine over methionine at position 182 in lactamases is very likely related to the fact that 182 occupies the amino-capping (Ncap) position for the 183--195 helix ([@msu312-B29]) and that threonine is an excellent Ncap residue ([@msu312-B20]) while methionine is not. Indeed, threonine is the ancestral residue at position 182 in the laboratory-resurrected β-lactamases corresponding to the Precambrian ENCA, GNCA, and PNCA nodes and the three-dimensional (3D) structures of these proteins ([@msu312-B53]; [@msu312-B52]) show the expected hydrogen bonding between the Ncap and N3 residues in the capping motif ([fig. 9](#msu312-F9){ref-type="fig"}), while this interaction is not possible with a methionine at 182, as shown by the structure of the extant TEM-1 β-lactamase ([fig. 9](#msu312-F9){ref-type="fig"}). F[ig]{.smallcaps}. 9.Structural basis for preference conservation at position 182 in β-lactamases. The region of the 3D structure around position 182 is shown for the extant TEM-1 lactamase and for the lactamases corresponding to several Precambrian nodes: ENCA, GNCA, and PNCA (see [figs. 1](#msu312-F1){ref-type="fig"} and [6](#msu312-F6){ref-type="fig"}*A*). The N-terminal end of the 183--192 helix and the corresponding capping box are shown. Note the canonical hydrogen bond between the Ncap residue (threonine) and the N3 residue in the ancestral proteins. Such interaction is absent in the extant TEM-1 lactamase because methionine is present at the Ncap position.

### A Local Structural Switch

The kind of explanations adduced in the preceding paragraphs hardly apply to the conservation of the leucine over lysine preference at position 90 in thioredoxins because the energetically favored situations for hydrophobic and ionizable residues are quite different. Hydrophobic residues tend to be found at buried positions, while ionizable residues tend to be on the protein surface with the charged moiety exposed to the aqueous solvent. Indeed, examination of the previously determined 3D structures for extant and laboratory-resurrected Precambrian thioredoxins reveals a buried leucine residue in the "oldest" LBCA and LPBCA thioredoxins and an exposed lysine residue in the "younger" LGPCA and *E. coli* thioredoxins ([fig. 10](#msu312-F10){ref-type="fig"}). Mutations involving the exchange between hydrophobic and ionizable residues are found to be experimentally destabilizing (in the wt to variant direction) in most cases ([@msu312-B28]; [@msu312-B48]). This is a reasonable result given that a single molecular context cannot be energetically favorable for two highly dissimilar amino acids. The only possible explanation for the stabilizing character of the K90L mutation in the *E. coli* thioredoxin background is, therefore, that, upon mutation, a local structural rearrangement takes place with concomitant burial of the new leucine residue. Likewise, the L90K mutation in the ancestral LBCA and LPBCA thioredoxins must be accompanied by a local rearrangement that allows the introduced lysine reside to be exposed to the solvent, although in this case the stabilization of the exposed lysine does not fully compensate the destabilizing effect of removing the buried leucine. In other words, the *K*/*L* exchange at position 90 in thioredoxins involves a local structural switch that allows the optimization of the molecular surroundings for the residue present, leucine or lysine, although such optimization does not reverse the overall preference of leucine over lysine at position 90. This interpretation assumes, of course, that the switch has been conserved over billions of years, despite the fact that some of the residues in the neighborhood of position 90 have changed over that period of time ([fig. 10](#msu312-F10){ref-type="fig"}). Crystallographic structures of the extant *E. coli* thioredoxin and the laboratory-resurrected thioredoxins corresponding the LBCA, LPBCA, and LGPCA nodes ([@msu312-B27]) are consistent with the structural switch hypothesis, as a buried leucine is seen in the 3D structures of LBCA and LPBCA thioredoxins, while an exposed lysine appears, at a different orientation, in the structures of LGPCA and *E. coli* thioredoxins ([fig. 10](#msu312-F10){ref-type="fig"}*A*). In order to directly observe the switch, we have determined the crystal structure of the resurrected LPBCA thioredoxin with the mutation L90K. The structural switch is clearly apparent on comparison with the structure of the nonmutated LPBCA thioredoxin ([fig. 10](#msu312-F10){ref-type="fig"}*B*). F[ig]{.smallcaps}. 10.Structural switch linked to *L* over *K* preference conservation at position 90 in thioredoxins. (*A*) The region of the structure around position 90 is shown for the extant *E. coli* thioredoxin and laboratory resurrections of Precambrian thiroredoxins corresponding to the LGPCA, LPBCA, and LBCA nodes (see [figs. 1](#msu312-F1){ref-type="fig"} and [2](#msu312-F2){ref-type="fig"}*A*). Residues (other than that at position 90) that differ from those in LBCA thioredoxin are shown in orange. The residue at position 90 (*K* or *L*) is shown in red and the SA of its side chain is given. (*B*) Region of the structure around 90 for LPBCA thioredoxin with and without the L90K mutation. SA, solvent accessibility.

Site-Specific Preference Conservation Provides One Plausible Evolutionary Explanation for the Existence of Intragenic Global Suppressor Mutations
-------------------------------------------------------------------------------------------------------------------------------------------------

The M182T mutation in the TEM-1 β-lactamase gene has been found to independently occur in many cases of emergence of resistance against extended spectrum cephalosporins ([@msu312-B26]; [@msu312-B69]; [@msu312-B9]; [@msu312-B56]). It has by itself little effect on catalysis and, in fact, it is always reported to occur coupled to other mutations that are actually the ones responsible for the increased rate of hydrolysis of the antibiotic. These catalysis-enhancing mutations have, however, a destabilizing effect that is compensated by the stabilizing M182T mutation. M182T is, therefore, a paradigmatic example of an intragenic global suppressor, that is, a mutation that can rescue mutations at several sites. M182T is often considered as an intriguing mutation ([@msu312-B56]). However, the results and analyses reported here provide a credible and straightforward explanation for its evolutionary origin. Threonine is the ancestral and energetically preferred residue at position 182. Still, the destabilizing mutation to methionine did occur along the evolutionary trajectory leading to TEM-1 β-lactamase ([fig. 7](#msu312-F7){ref-type="fig"}) likely linked to one of the several scenarios for acceptance of a less preferred amino acid we have previously discussed (see section "A Plausible Evolutionary Explanation for the Occurrence and Persistence of Less-Preferred Amino Acids"). The presence of methionine, however, does not change the energetic preference ranking at position 182, which favors threonine over methionine even in the extant TEM-1 β-lactamase ([fig. 6](#msu312-F6){ref-type="fig"}). This preference conservation makes sense from a structural point of view given that, with methionine at position 182, the canonical Ncap--N3 hydrogen bond of the N-capping motif for the 183--195 helix cannot be formed ([fig. 9](#msu312-F9){ref-type="fig"}) and no second-site mutation can re-establish this stabilizing interaction. We may reasonably assume that the destabilizing presence of methionine at position 182 brings about some fitness advantage under "normal" circumstances but, nevertheless, we may expect the reversion to the energetically preferred threonine to readily occur in those cases in which the concomitant stabilizing effect has an adaptive value. This is in fact the scenario created by the challenge of a new antibiotic, as the mutations that enhance the lactamase-catalyzed hydrolysis of the antibiotic are typically destabilizing.

Besides M182T, several other examples of global suppressors are known for the β-lactamase gene ([@msu312-B56]). Furthermore, intragenic global suppressors have been identified for other protein systems, such as staphylococcal nuclease ([@msu312-B59]), the transcription factor p53 ([@msu312-B3]), the bacteriophage P22 tailspike protein ([@msu312-B39]), and the phage lambda repressor ([@msu312-B22]). Although different mechanisms of suppression are possible and have been discussed, global stabilization has been demonstrated or proposed in many instances ([@msu312-B22]; [@msu312-B59]; [@msu312-B41]; [@msu312-B3]; [@msu312-B56]). In view of the discussion provided in the preceding paragraph, it appears plausible that many stability-linked global suppressor mutations may in fact be reversions to the ancestral, energetically preferred amino acid. The intriguing possibility thus arises such that global suppressor mutations can be predicted on the basis of ancestral sequence reconstruction.

Conclusions
===========

An amino acid replacement is more likely to be accepted at a given site if it contributes stabilizing interactions with the surrounding residues in the protein structure. Accordingly, a ranking of site-specific amino acid preferences applies to each site in a protein. There have been recent discussions about this topic in the literature ([@msu312-B50]; [@msu312-B2]; [@msu312-B49]), specifically in regards to whether amino acid preferences remain approximately constant or substantially change during the course of evolution. This is a crucial issue that bears not only on methodologies used for phylogenetic analysis, but also on the general descriptions and models of molecular evolutionary processes. We have provided experimental evidence here that, while evolutionary adjustments to a new amino acid may certainly occur, the extent of such adjustments are insufficient to erase the primitive rankings for amino acid preferences. Needless to say, our studies do not rule out the possibility that in some cases an adjustment (the evolutionary Stokes shift) does reverse the original preferences and we suspect that those cases are of particular interest. Yet generally, our results support the model that site-specific selective constraints were conserved throughout evolution despite sequence divergence that generates chemical diversity in protein space. It is important to note that such evolutionary conservation of amino acid preferences (and the concomitant conservation of mutation effects on protein stability) does not imply that proteins evolve without epistasis. This point has been eloquently made by Bloom and coworkers ([@msu312-B2]) and there is no need to repeat their arguments here.

Our study is based on extensive mutational analysis of proteins encoded by reconstructed ancestral sequences corresponding to Precambrian nodes in the evolution of thioredoxins and β-lactamases. Admittedly, the reconstruction of these ancestral sequences is based on simple models of evolution. However, two important points must be noted in this regard. First, the properties of the experimental representations of Precambrian thioredoxins and β-lactamases used in this work have been previously found to conform to convincing evolutionary narratives that support their plausibility as phenotypic representations of the proteins that actually existed billions of years ago ([@msu312-B47]; [@msu312-B27]; [@msu312-B53]; [@msu312-B54]; [@msu312-B52]). Second, it appears highly unlikely that the unavoidable simplifications used in ancestral sequence reconstruction procedures bias the results of the mutational analyses specifically toward the conservation of energetic preferences. This is further supported when considering that the number of sequence differences between the extant proteins and the corresponding ancestral reconstructions is very large, approaching about 50% of the sequence for the oldest nodes.

We have discussed energetic preferences from a molecular point of view and we have shown that several straightforward mechanisms can reasonably explain their conservation over billions of years. Our analyses support that many cases of preference conservation may be due to the unavailability of local "second-site" stability-compensating mutations, although fold conservation through secondary structure-forming tendencies may also play a role in some instances. Furthermore, we have provided experimental evidence that conservation of the preference for an ancestral amino acid may in some cases involve reorganization on mutation to the ancestral local structure around the mutation site. This unanticipated structural switch mechanism implies a kind of structural memory effect in proteins and may potentially be highly relevant for the understanding of molecular evolution. Work is currently under way to ascertain the scope and impact of this memory effect.

We have shown that the M182T global suppressor mutation in the TEM-1 β-lactamase gene (linked to many clinical cases of resistance against new antibiotics) can be viewed as a return to the ancestral energetically preferred state. Similar explanations may plausibly hold for other intragenic global suppressors and, therefore, the intriguing possibility arises that ancestral sequence reconstruction can be used to predict global suppressor mutations.

Materials and Methods
=====================

Purification of the different thioredoxin variants to be used in stability measurements was performed as previously described ([@msu312-B47]). Briefly, genes were cloned into a pQE80L vector and transformed in *E. coli* BL21(DE3) cells and the His-tagged proteins were purified by affinity chromatography (His GraviTrap, GE Healthcare). Thioredoxins for crystallization experiments were prepared without a His-tag following a procedure we have previously described in detail ([@msu312-B27]). Purification of the different β-lactamases was performed as previously described ([@msu312-B53]). Briefly, genes were cloned into a pET24 vector with kanamycin resistance and transformed in *E. coli* BL21(DE3) cells. The proteins were purified by osmotic shock and gel filtration. Oligonucleotides used for mutagenesis were obtained from Eurofins MWG Operon (Ebersberg, Germany). Mutations were introduced using the Quikchange Lightning Site-Directed Mutagenesis kit (Agilent Technologies) and were verified by DNA sequence analysis (see [supplementary data](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online, for further details on protein preparation).

Thermal stabilities of all the protein variants studied in this work were determined in Hepes buffer pH 7 with a VP-Capillary DSC (Microcal, Malvern) following protocols well established in our laboratory ([@msu312-B16], [@msu312-B17]; [@msu312-B47]; [@msu312-B53]; [@msu312-B52]). A typical calorimetric run involved several buffer--buffer baselines to ensure proper equilibration of the calorimeter followed by runs with several protein variants with intervening buffer--buffer baselines. For most variants, were performed detailed DSC studies into the reversibility of the calorimetric transitions, their scan-rate dependence, and the effect of protein concentration on the denaturation temperature (see [supplementary data](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online, for details). The subsequent exhaustive data analyses (described in detail in the [supplementary data](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online) supported in many cases the applicability of a two-state equilibrium model to the calculation of mutation effects on thermodynamic stability from the corresponding mutation effects on denaturation temperature.

Crystallization (using the counter-diffusion technique) and X-ray structural determination for the L90K variant of LPBCA thioredoxin were carried out as previously described in detail for several resurrected Precambrian thioredoxins ([@msu312-B27]) with only minor changes \[capillaries of 0.3-mm inner diameter were used in initial crystallization screenings; data collection was done at the European Synchrotron Radiation Facility using beam line BM30; co-ordinates from the LPBCA thioredoxin (PDB.ID 2yj7) were used as search model for molecular replacement\]. Crystallization methodologies and conditions are summarized in [supplementary table S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online. The co-ordinates and the experimental structure factors have been deposited in the Protein Data Bank (PDB.ID 4ulx).

To study the impact of the K90L mutation in thioredoxin on organism fitness, we used an *E. coli* strain deficient in thioredoxins 1 and 2 (DHB4 derivative strain FA41, a gift from Dr Jonathan Beckwith, Harvard University) and we complemented it with plasmids containing the genes for wt thioredoxin and the variant with the K90L mutation. We deemed convenient to use this complementation approach, rather than allelic replacement, to avoid fitness effects associated with regulatory changes in expression levels triggered by the stress conditions created during fitness experiments. The genes coding for *E. coli* wt and mutant K90L thioredoxins were introduced in pET30a(+) (Novagen) derivative plasmids, in which target gene expression is under the control of a T7 promoter. In order to express the desired gene using this system, the cell requires the presence of the RNA polymerase specific from the T7 phage. This gene was introduced in FA41 by lysogenization with λDE3 (λDE3 Lisogenizaton kit, Novagen), a lambda-derivative phage bearing the T7 RNA polymerase under an Isopropyl beta-D-1-thiogalactopyranoside (IPTG)-inducible promoter. This is a system often used in our laboratory because it allows IPTG-induced overexpression for protein preparation purposes, as well as meaningful fitness studies in the absence of IPTG induction. The reason for the latter possibility is that the system is leaky, that is, even under non-inducing conditions there is basal expression from the T7 promoter. Actually, when the thioredoxin plasmid is introduced in the Trx-deficient strain, this basal expression is sufficient to compensate for the deficiency in growth of the Trx minus strain. For competition assays, 23 independent clones of FA41λDE3 with plasmid pET30a(+)::*trx*A and the same number of the strain bearing pET30a(+)::*trx*A K90L were separately grown overnight at 37 °C in LB medium. Cultures were then diluted 1/1,000 in minimal medium supplemented with glucose and grown at 37 °C to an OD600 of 0.2. At that point, one culture of wt thioredoxin and one culture of the mutant variant were mixed in 1/1 proportion. Mixed cultures were incubated at 37 °C for 15 days. At time points 5 and 15 days, 5 ml of mixed cultures were taken for plasmid extraction and sequencing. The obtained electropherograms were analyzed using the quantitative sequence variant analyzer ([@msu312-B10]) for quantification of the relative proportions of DNA from the two variants. Further details are provided in the [supplementary data](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) online.

Supplementary Material
======================

[Supplementary figures S1--S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) and [tables S1--S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu312/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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